Abstract: A differential pressure transmitter with an orifice is widely used as a major field flowmeter. A major drawback of this flowmeter at the operation site is the blockage of the impulse line, which connects an orifice tap with a differential pressure transmitter. In this study, we investigate the relation between the amplitude of the pressure fluctuation in the oil line and the kinetic viscosity (1.0 × 10 -5 to 3.0 × 10 -5 m 2 /s). By conducting experiments in a water line, we have developed a method to diagnose the blockage of the impulse line. Hence, we use this method to diagnose the blockage in a line that carries a highly viscous fluid. Through experimental investigations, the following results are clarified: 1) The highly viscous fluid in the impulse line does not reduce the pressure fluctuation occurring at the multi-sensing differential pressure transmitter. 2) Highly viscous flow in the main line has small pressure fluctuations; however, these fluctuations have the same characteristics of the impulse line blockage as those in a water line. Therefore, the proposed method can diagnose the impulse line blockage in an oil line as well as in a water line.
INTRODUCTION
A flowmeter is an important field device for process automation systems. In particular, a differential pressure transmitter with an orifice is widely used as a major field flowmeter. A major drawback of this flowmeter at the operation site is the blockage of impulse line [1] , which connects an orifice tap with a differential pressure transmitter. Hence, an online diagnostic for this blockage is required because ordinary periodical diagnostic and maintenance cost considerable time and money.
Previous studies developed diagnostic methods for impulse line blockage, which is based on the amplitude of differential pressure fluctuation measured with a differential pressure transmitter [2] [3] [4] . However, this amplitude is changed by not only the blockage condition but also the operating point, that is, the flow rate and line pressure. Hence, these methods cannot distinguish between the effect of impulse line blockage and the effect of the operating point. Therefore, they can utilize only a stable line of a predetermined operating point.
On the other hand, the authors have focused on the correlation of three types of pressures (differential pressure, high-side pressure, and low-side pressure) measured with a multi-sensing differential pressure transmitter. A new method using a unique blockage index has been developed to diagnose impulse line blockage [5] . It is not influenced by operating points but is changed by blockage conditions. In addition, experimental results in a water line have clarified that this method can diagnose impulse line blockage before it disturbs accurate measurements.
Although the effectiveness of our proposed diagnostic method has been confirmed in a water line, this type of flowmeter is also used for various fluids. In particular, our concern is that the pressure fluctuation could be reduced in a highly viscous fluid line so that our proposed method cannot be used. Therefore, in this study, we investigate the effectiveness of the diagnostic method in a high viscous fluid line.
EXPERIMENTAL SETUP
A schematic diagram of the experimental setup is shown in Fig. 1 2) Low-side blockage: The high-side needle valve is never closed, while the low-side needle valve is gradually closed.
In addition, maximum valve opening (100%) is defined as a state of no blockage.
The tested differential pressure transmitter is of the multi-sensing type; it can measure three types of pressures-differential pressure P D , high-side pressure P H , and low-side pressure P L -by two resonant sensors on a silicon diaphragm [6] . Each pressure can be calculated from the following equations using two oscillation frequencies of the resonant sensors:
where F C and F R are the measured oscillation frequencies; F C0 and F R0 , the initial oscillation frequencies; B D , B H , and B L , the adjustment values; X 1 , X 2 , and X 3 , the constant values for pressure span adjustment. The two oscillation frequencies, F C and F R , measured with two frequency counters (Yokogawa Electric Corp.: TC110) are transmitted to a PC via GPIB (IEEE-488) communication, as shown in Fig. 3 . The sampling time of the frequency counter is set at 112 ms with a frequency generator (Yokogawa Electric Corp.: FG120). In each experiment, these pressures are measured for 5 min using the differential pressure transmitter.
In addition, pressure sensors (Yokogawa Electric Corp.: FP110, sampling time: 5 ms) are set just before the differential pressure transmitter and just after the orifice tap in order to investigate how the amplitude of the pressure fluctuations is damped through the impulse line filled with a highly viscous fluid. These pressure signals are transmitted to a PC via an A/D converter (CONTEC: ADA16-32/2(CB)F). In each experiment, the four pressures are measured for 2 min using the pressure sensors.
RELATION BETWEEN PRESSURE FLUCTUATION AND HIGH VISCOUS FLUID
In this study, the temperature of oil is set from 60 to 160 °C. In general, the impulse line is not heated unless the fluid freezes. Hence, the kinetic viscosity of the fluid in the impulse line is higher than that in the main line due to cooling by ambient air. The main concern is whether the amplitude of the pressure fluctuation, transmitted from the main flow, is damped significantly. This is because it becomes difficult to diagnose the impulse line blockage using our proposed method. In order to investigate the damping of the pressure fluctuation, the pressure fluctuation just before the differential pressure transmitter is compared with that just after the orifice tap by employing FFT (fast Fourier transform). Operating conditions are set as follows: the kinetic viscosity is 3.0 × 10 -5 m 2 /s; the high-side pressure, 120 kPa; and the differential pressure, 70 kPa. Figure 4 shows the power spectral density of the high-side pressure. It is clarified that pressure transmission through the high viscous fluid does not affect the amplitude of the pressure fluctuation below 100 Hz, although the kinetic viscosity is above 3.0 × 10 -5 m 2 /s. 
CHARACTERISTICS OF PRESSURE FLUCTUATION

Relation between RMS and impulse line blockage
We investigate the relation between the amplitude of the pressure fluctuation and the impulse line blockage in the oil line. The amplitude of the pressure fluctuation is evaluated with the root mean square (RMS) of every difference of the measured pressure, as shown in Eq. (4) [5] :
where N is the total sampling numbers and P n is the nth measured pressure. Figures 5-b) and 5-c) show the characteristics of RMS with high-side blockage under two operating conditions in which one is of a higher differential pressure (80 kPa) and the other is of a higher kinetic viscosity (3.0 × 10 -5 m 2 /s). In each condition, the tendency of the RMS with increasing high-side blockage is the same, as shown in Fig. 5-a) ; however, the level of the RMS is different for different operating conditions. In particular, the higher kinetic viscosity and the lower flow rate result in a lower RMS. Therefore, the relation between the RMS and the operating conditions under the no blockage condition must be investigated in order to confirm the effectiveness of our proposed diagnostic method.
Relation between RMS and operating conditions
First, the relation between between the amplitude of the pressure fluctuation and the kinetic viscosity (1.0 × 10 -5 to 3.0 × 10 -5 m 2 /s) in the main line with no blockage condition is investigated, as shown in Fig. 6 . The experimental result shows that the three RMS b) Measured just after the orifice tap. decrease with an increase in the kinetic viscosity in the oil flow. However, the decrease in the three RMS saturates them when the kinetic viscosity is above 1.5 × 10 -5 m 2 /s. Second, the relation between the RMS and the differential pressure is investigated, as shown in Fig. 7 . The experimental result shows that the three RMS decrease with the decrease of differential pressure. However, the decrease in the high-side and low-side RMS saturates them when the differential pressure is below 50 kPa.
The phenomena shown in Figs. 6 and 7 are re-evaluated using Reynolds number, as shown in Figs.  8-a) and 8-b) , respectively. They show that the decrease in the high-side and low-side RMS is saturated at Reynolds number below 6000, although the RMS of the differential pressure decreases with the decrease of the Reynolds number. Therefore, the amplitude of each pressure fluctuation in a laminar flow is smaller than in a turbulent flow and causes a difficult condition to measure the increase and decrease in the three RMS due to the impulse line blockages.
In this experimental setup, since there are sufficient characteristics of RMS to diagnose impulse line blackage in the laminar flow, as shown in Fig. 5-c) , it is clarified that the characteristics of RMS can be measured to diagnose the impulse line blockage in the oil line.
EFFECTIVENESS OF BLOCKAGE INDEX
In the previous section, we showed that the oil line has sufficient pressure fluctuation in order to diagnose the impulse line blockage. Based on this result, the diagnostic method developed through our experiments in the water line is applied to the oil line. The authors investigate whether this method can diagnose the impulse line blockage before it disturbs the accuracy of measurement.
Determination of the target valve opening to diagnose the blockage
In this section, focusing on the effect of the impulse line blockage on measurements with a differential pressure transmitter, we determine the target valve opening to diagnose the blockage.
First, the static characteristics of the differential pressure are considered. Operating conditions are set as follows: the kinetic viscosity is 1.0 × 10 -5 m 2 /s; the high-side pressure, 110 kPa; and the differential pressure, 95 kPa. Figure 9 shows a differential pressure with a high-side blockage (valve opening: 100%, 80%, 60%, 40%, 20%, 10%, and 5%). This result reveals that the impulse line blockage does not affect the static characteristics. Therefore, with the static characteristics, we cannot determine the target valve opening to diagnose the impulse line blockage.
Second, the dynamic characteristics are considered. Operating conditions are set as follows: the high-side pressure is 120 kPa and the differential pressure is 70 kPa. From these conditions, the operating point changes instantaneously so that the high-side pressure becomes 110 kPa and the differential pressure becomes 63 kPa. The time constant in the response of the high-side pressure and low-side pressure to this change is evaluated. Figure 10 Relation between RMS and differential pressure.
-2981 -transmission through the impulse line decreases with an increase in blockage, regardless of the kinetic viscosity. Since this causes an overshoot or an inverse response in the flow rate, impulse line blockage must be diagnose before the time constants over threshold. Thus, we aim to diagnose the impulse line blockage at a target valve opening of 20% by identifying over 0.5 s of time constant as an abnormal condition.
Application of blockage index
Definition of blockage index
We have defined the indexes of impulse line blockage that were not affected by the operating conditions [5] . The blockage index H is for high-side blockage and L is for low-side blockage, as shown in Eqs. (5) and (6):
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where P Hn , P Ln , and P Dn are the nth measured high-side, low-side, and differential pressures, respectively. In our previous study conducted at the water line, each blockage index was approximately unity with no blockage condition, and the blocked-side blockage index decreased with an increase in the blockage.
Effect of operating conditions on blockage index
In this section, the effect of the operating conditions on the blockage indexes is investigated. Figure 11 shows the relation between the blockage indexes and the differential pressure corresponding to Fig. 8-a) . Figure  12 shows the relation between the blockage indexes and the kinetic viscosity corresponding to Fig. 8-b) . Both the figures show that the blockage indexes are almost stable under any operating condition.
Performance of blockage index under blockage condition
In this section, the effectiveness of the blockage condition on the blockage indexes is investigated. From the result of section 4, it is clarified that the RMS depends on the state of flow, which is the kinetic viscosity and flow rate. Hence, we investigate the blockage index at two different operating conditions.
Figures 13-a) and 13-b) show the blockage index with high-side blockage in a turbulent flow and laminar flow, which are the same operating conditions, as shown in Figs. 5-b) and 5-c), respectively. Both Figs. 13-a) and 13-b) show that the blocked-side blockage index decreases from 1 to 0.5 at a valve opening of 20%. Therefore, it is clarified that by the constant threshold value, the blockage indexes can diagnose the impulse line blockage in the oil line before the blockage disturbs accurate measurements. -2982 -
CONCLUSION
This study investigates the effectiveness of our proposed diagnostic method with a multi-sensing differential pressure transmitter in the oil line. The following results were obtained. 
